$R$-parity Violating Decays of Wino Chargino and Wino Neutralino LSPs
  and NLSPs at the LHC by Dumitru, Sebastian et al.
R-parity Violating Decays of
Wino Chargino and Wino Neutralino
LSPs and NLSPs at the LHC
Sebastian Dumitru1, Burt A. Ovrut1 and Austin Purves2
1 Department of Physics and Astronomy, University of Pennsylvania
Philadelphia, PA 19104–6396
2 Department of Physics, Manhattanville College
Purchase, NY 10577
ABSTRACT: The R-parity violating decays of both Wino chargino and Wino neutralino LSPs are
analyzed within the context of the B−L MSSM “heterotic standard model”. These LSPs correspond
to statistically determined initial soft supersymmetry breaking parameters which, when evolved using
the renormalization group equations, lead to an effective theory satisfying all phenomenological re-
quirements; including the observed electroweak vector boson and Higgs masses. The explicit decay
channels of these LSPs into standard model particles, the analytic and numerical decay rates and the
associated branching ratios are presented. The decay lengths of these RPV interactions are discussed.
It is shown that the vast majority of these decays are “prompt”, although a small, but calculable, num-
ber correspond to “displaced vertices” of various lengths. It is demonstrated that for a Wino chargino
LSP, the NLSP is the Wino neutralino with a mass only slightly higher than the LSP– and vice-versa.
As a consequence, we show that both the Wino chargino and Wino neutralino LSP/NLSP R-parity
violating decays should be simultaneously observable at the CERN LHC.
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1 Introduction
In a previous paper [1] we presented, within the context of the N = 1 supersymmetric B−L MSSM,
the decay channels and the associated analytic decay rates for Wino/Higgsino chargino and arbitrary
neutralino R-parity violating (RPV) decays to standard model particles. These results were valid
for any such charginos and neutralinos, regardless of their mass; that is, whether or not they are the
lightest supersymmetric particles (LSPs). As was discussed in detail in that paper, the dimensionful
soft supersymmetry breaking parameters were chosen statistically to lie in an interval that, although
centered around a mass of several TeV, was wide enough to allow chargino and neutralino masses to
be as low as ∼ 200 GeV and as heavy as ∼ 10 TeV. That is, the mass spectrum of these sparticles
overlaps with the range potentially observable at the CERN LHC.
The B − L MSSM is a minimal extension of the MSSM that arises as a vacuum state of het-
erotic M-theory [2–6]. It was shown using a series of papers [7–10] that, when compactified to four-
dimensions on a specific Calabi-Yau threefold [11], this vacuum has exactly the particle spectrum of
the MSSM– that is, three families of quark and lepton chiral supermultiplets, a pair of Higgs-Higgs
conjugate chiral superfields and three right-handed neutrino chiral supermultiplets, one per family.
The associated gauge group is SU(3)C × SU(2)L × U(1)Y of the standard model augmented, how-
ever, by an additional gauged Abelian group factor, U(1)B−L. Although derived from heterotic M-
theory, this specific low energy effective field theory was unique and had not been introduced in any
previous context. The B − L MSSM was re-introduced, this time in the phenomenological literature,
several years later in [12]. Importantly, it was first stated in [12] that the gauged U(1)B−L symme-
try could, in principle, be spontaneously broken by at least one of the right-handed sneutrino scalars
obtaining a non-vanishing VEV. They emphasized this point by presenting the associated sneutrino
vacuum expectation value in terms of specific soft supersymmetry breaking parameters. Be that as
it may, it is essential that it be proven that this VEV could dynamically occur via radiative breaking
in the B − L MSSM. This was first proven using a full RG analysis in [13]. This extra gauge factor
contains R-parity and sufficiently suppresses both proton decay and lepton number violating decays,
even after it is spontaneously broken [1, 14]. As discussed in many of the previously referenced pa-
pers, as well as in [1], when supersymmetry is softly broken in an interval of order the TeV scale,
and then run to lower mass scales using the renormalization group (RG), we find–for a large number
of statistically scattered and uncorrelated initial conditions–that the B − L MSSM is consistent with
all present experimental bounds. Specifically, it was shown that 1) the gauged U(1)B−L symmetry is
radiatively broken by the third family right-handed sneutrino acquiring a vacuum expectation value
(VEV). This VEV is sufficiently large that the associated vector boson mass exceeds the present ex-
perimental bound. The process of B − L breaking also yields a natural explanation for Majorana
neutrino masses via a seesaw mechanism [15, 16]. 2) Electroweak symmetry is radiatively broken by
the neutral Higgs fields acquiring radiative VEVs. The associated W± and Z0 vector bosons have
precisely their experimentally measured values. 3) All supersymmetric sparticles exceed their present
experimental lower bounds. 4) Finally, and remarkably, the Higgs boson mass satisfies the three sigma
bound established at the LHC.
Furthermore, several important “stringy” theoretic aspects of the B − L MSSM are potentially
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amenable to calculation. First, it has been demonstrated that, in principle, the potential energy func-
tions for the geometric, vector bundle and five-brane moduli can be calculated and the vacuum state
of these moduli stabilized [17–20]. Second, it has been shown [21–24] that the Yukawa couplings are,
in principle, directly calculable from the harmonic representatives of the sheaf cohomology classes
[25]. Similarly, gauge couplings are potentially calculable from string unification threshold correc-
tions [26–35]. Finally, gauging the N = 1 supersymmetry couples the B − L MSSM directly to
N = 1 supergravitation. This allows both theories of inflation [36–39] and “bouncing universe” cos-
mologies [40, 41] to naturally arise within this context. We note in passing that for the B −L MSSM
inflation theory to be consistent with the present cosmological data, its soft supersymmetry breaking
scale must be raised to the order of 1013 GeV. Be that as it may, it was shown in [36] that the low
energy theory can remain completely consistent with all phenomenological bounds listed above.
For all of these reasons, the B − L MSSM appears to be the simplest possible phenomenolog-
ically realistic theory of heterotic superstring/M-theory; being exactly the MSSM with right-handed
neutrino chiral supermultiplets and spontaneously broken R-parity. We would like to point out that,
although the B − L MSSM was originally derived from the “top-down” point of view of heterotic
M-theory, it was also constructed from a low energy, “bottom-up” approach in [12, 42–46]. For all
of these reasons, it would seem to be to be a rich arena to study the phenomenological predictions
of the B − L MSSM at energies low enough to be observable by the ATLAS detector at the LHC at
CERN. This requires taking the interval of soft supersymmetry breaking parameters to be in the range
discussed in detail in our recent paper [1]. We will do this, henceforth. However, the generic super-
symmetric interactions of the B − L MSSM are extremely complicated for arbitrary mass sparticles,
with the RP conserving processes being much larger than, and, hence, potentially making unobserv-
able, the RPV decays calculated in [1]. However, there is one very clean and obvious window where
experimental observation of supersymmetric interactions becomes vastly simplified. That window is
for the so-called lightest supersymmetric particle–the LSP. By definition, in an R-parity conserving
theory, the LSP cannot further decay, either to other sparticles or to standard model particles. How-
ever, in a theory in which R-parity is spontaneously broken, the LSP, while still unable to decay via
RP conserving interactions, can now decay through RPV processes to standard model particles. In the
B − L MSSM, these decay channels, their decay rates and the associated branching fractions can be
explicitly calculated. We propose, therefore, that the RPV decays of the LSPs of the B − L MSSM
be searched for experimentally, and the results compared to the theoretical predictions. Any positive
result obtained in this regard could be a first indication of the existence of N = 1 supersymmetry, as
well as a potential confirmation of the B − L MSSM theory.
This program has already been carried out for the lightest admixture stop, which was shown to be
one of the LSPs of theB−LMSSM. The branching ratios for the RPV decay of the lightest stop LSP
to a bottom quark and a charged lepton, the dominant decay mode, along with the relationship of these
decays to the neutrino mass hierarchy and the θ23 neutrino mixing angle, were presented in [14, 47].
The admixture stop LSP was chosen for two reasons. First, it carries both electric and color charge
and, therefore, is “exotic”; in the sense that in RP conserving theories such an LSP would contribute to
“dark matter” which must be gauge neutral. Second, it has a high production cross section at the LHC.
Based on the results of these two papers, a search for stop LSP decays in the recent ATLAS LHC data
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was carried out in [48–51]. No direct detection was observed. However, the lower bounds on the stop
LSP mass were significantly strengthened. Be that as it may, as was discussed in [1, 52, 53] and will
be described in the next section, the number of physically realistic initial conditions leading to a stop
LSP are relatively small compared to other sparticles. Therefore, in a series of papers, we will pursue
this program focussing, however, on other sparticles that occur more frequently as LSPs of the B−L
MSSM.
Specifically, in this paper, we will explore the decay channels, the decay rates and calculate
the branching ratios to standard model particles for Wino chargino and Wino neutralino LSPs, us-
ing the explicit results for generic chargino and neutralino sparticles presented in [1]. The Wino
charginos/neutralinos occur with much more frequency as LSPs of realistic initial conditions of the
B − L MSSM. As in the case of the stop LSP, we will discuss the relationship of their decays to
standard model particles to the neutrino mass hierarchy and the θ23 neutrino mixing angle. Finally,
we find that for a Wino chargino LSP, the NLSP is the Wino neutralino, and vice versa. Furthermore,
the mass splitting between them is very small, on the order of several hundred MeV. It follows that
a) the RPC decays of the Wino NLSP are highly suppressed relative to its RPV decays and b) that, in
addition to the RPV decays of the Wino LSP, the RPV decays of the Wino NLSP should be observ-
able in the detector at the LHC as well. For clarity, in a series of Appendices, we give a summary of
our notation, present the precise definitions of the Wino chargino and Wino neutralino and give the
analytic expressions for both Wino chargino and Wino neutralino decay rates first derived in [1].
Finally, we want to make three important statements concerning the computations in, and the
context of, this paper. These are:
1. All calculations in this paper, as well as those in previous analyses of the B − L MSSM such
as [1], are carried out using the one-loop corrected β and γ renormalization group functions
associated with the dimensionless and dimensionful parameters of the theory. However, we
systematically ignore all higher-loop corrections to the RGEs as well as any finite one-loop
and higher-loop corrections to the effective Lagrangian. For the purposes of this paper this
is sufficient, since our goal is to present the allowed RPV decay channels of Wino chargino
and Wino neutralino LSPs in the B − L MSSM theory and to give their leading order decay
rates, branching ratios and the relationship of these to the neutrino mass hierarchy. However,
we are well aware that some of these processes can be substantially effected by higher-loop
corrections, both in the RG running of the parameters and in finite quantities, such as particle
masses. For example, in the Higgs mass calculation two-loop RGEs and higher-loop finite
corrections could indeed be very important. We conclude that the calculations presented here
could, and depending on specific experimental searches being performed to verify them should,
be carried out to higher precision than the results presented in this paper. This would put the
B − L MSSM computations on the same footing as the the more commonly studied MSSM.
Indeed, the computational tools required to extend our work to finite one-loop and higher-loop
RG and finite corrections already exist in the literature, such as in ISAJET [54], FlexibleSUSY
[55], NMSPEC [57], SUSPECT [56], SARAH [58], SPHENO [59], SUSEFLAV [60] and the
latest version of SOFTSUSY [61]. We will carry out these higher-loop RG and finite corrections
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to the B − L MSSM in future publications.
2. In this paper, as well as our previous papers [1, 52, 53], the initial soft supersymmetry break-
ing parameters are selected statistically using a “log-uniform” distribution over a mass range
compatible with LHC energies. As discussed Section 2 of this paper, this is the standard dis-
tribution used in analyzing such initial conditions. We are well aware, however, that one could
choose other statistical distributions for the initial parameters–such as a uniform distribution.
However, the justification for which distribution to use depends on the choice of the explicit
mechanism for spontaneous supersymmetry breaking. In this paper, as well as the series of pa-
pers [1, 52, 53] on which it is based, the analysis is restricted to the low energy phenomenology
of the observable sector only, and does not specify the mechanism of supersymmetry breaking.
This could be due, for example, to various non-vanishing F-terms, D-terms or gaugino con-
densation in the hidden sector of the theory, and is far from unique. Therefore, in this paper
and [1, 52, 53], we simply add to the effective Lagrangian the most general allowed soft su-
persymmetry breaking terms and choose the values of their parameters statistically. Since the
log-uniform distribution is the standard distribution, as justified in Section 2, we will employ it
uniquely. Furthermore, as we now discuss, choosing a log-uniform distribution is sufficient for
the purposes of this paper.
To begin, we are simply seeking a set of “viable” initial parameters that, when scaled using
the RG to lower energy, are completely consistent with all present phenomenological require-
ments. Using this log-uniform distribution, we show that there are indeed a very large number
of such viable initial conditions. It is then demonstrated that, within this context, there is a
subset of such parameters that lead to Wino chargino and Wino neutralino LSPs. Were one to
use a different initial distribution of parameters, one would find a potentially different set of
viable points, some presumably already contained within the log-uniform distribution and, per-
haps, some new viable points. However, any such new viable points will not greatly effect the
calculations and conclusions of this paper. The first important example of this is the following.
It is of some interest to ask, within the context of a log-uniform distribution, what the set of
all allowed LSPs is and, furthermore, what percentage of the viable initial points correspond to
Wino charginos and Wino neutralinos. This information is presented in the histogram in Sec-
tion 2. We find, within the log-uniform context, that the percentage of valid initial points with
Wino chargino and Wino neutralino LSPs is relatively large. Now, it is indeed possible that
choosing a different initial distribution would change the percentages for the individual LSPs
in this histogram. That being said, the actual content of this paper is independent of whether
or not these specific LSPs are statistically prominent. Rather, as was the case for the stop LSPs
discussed in previous work [14, 47]–which are statistically minimal in the histogram in Section
2–we focus on Wino chargino and Wino neutralino LSPs because their RPV decays are readily
observable at the ATLAS detector at the LHC.
Secondly, it is obvious that the explicit decay channels, the analytic expressions for the the
decay rates and, hence, the LSP lifetimes, as well as the analytic expressions for the asso-
ciated branching ratios–both summing and not summing over the families of final states–are
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completely independent of the choice of initial parameters and, hence, the choice of the initial
distribution. That being said, the statistical plots for the branching ratios and decay lifetimes of
Wino charginos and Wino neutralinos, presented in Sections 3 and 4 respectively, as well as the
statistical decay rates of the RPC versus RPV processes for the NLSP presented in Section 5 are,
like the histogram in Section 2, all explicitly calculated using a log-uniform initial distribution
only. The choice of some different initial distribution of parameters, while reproducing much
of these plots, can be expected to alter them somewhat. However, exactly as with the histogram
in Section 2, these statistical plots are presented to give a concrete representation of what decay
channels of the Wino charginos and Wino neutralinos should be observed at the ATLAS detector
at the LHC, whether or not an individual such decay can be “prompt”, has a “displaced vertex”
or occurs outside the ATLAS detector, and what the relative probability is of observing a given
decay channel as opposed to another channel. If one simply adds the new viable points of a
different distribution to the log-uniform points, all of the LHC observational conclusions drawn
from the log-uniform priors will remain, essentially, unchanged. However, were one to repeat
the entire analysis using a completely different initial distribution–not including the log-uniform
priors–then, although the explicit decay channels will remain the same, their decay lifetimes
and relative branching ratios could be altered. However, there is no physical reason to expect
the viable points of the log-uniform distribution to be excluded. Furthermore, the choice of a
“non-standard” initial distribution, not including the viable log-uniform priors, would require
a physical and mathematical analysis of the exact mechanism of spontaneous supersymmetry
breaking which, as discussed above, is beyond the scope of the present paper. To conclude, the
present paper uses the standard log-prior distribution of initial points. The observational LHC
conclusions will only be minimally altered if the viable initial points of additional distributions
are added.
3. Finally, there is a long literature discussing RPV decays within a vast variety of contexts. Ref-
erence [62] reviews the theoretical aspects of RPV violation with both bilinear and trilinear
RPV couplings added in the superpotential. Relevant to the content of our present paper, this
review discussed both explicit and, more briefly, spontaneous RPV due to both left- and right-
chiral sneutrinos developing VEVs. More recently, the subject was reviewed in 2015 [63]. This
discussed explicit RPV in the MSSM but, in particular, focused on spontaneous breaking of
R-parity in theories where the standard model symmetry is extended by a gauged U(1)B−L.
More recently, there was a comprehensive paper [64] investigating the phenomenology of the
MSSM extended by a single trilinear RPV coupling at the unification scale. It goes on to
discuss the RPV decay of some of the LSPs; specifically the Bino neutralino and the stau spar-
ticle, within the context of the RPV-CMSSM. The mechanism of generating Majorana neutrino
masses through RPV bilinear terms is treated in [65–68]. This set of papers also studies the de-
cay modes of some LSPs, with emphasis on the decay modes of the lightest neutralino. There
are papers such as [64, 72, 73], which study the RPV decay signatures of chargino, stop, gluinos
and charged and neutral Higgsinos, using parameter scans in agreement with the existent ex-
perimental bounds. However, they work in different, more general theoretical contexts than our
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own.
The RPV decays of the Wino chargino and Wino neutralino LSPs presented in this paper share
many of the concepts and techniques contained in these papers, such as RG evolution, the as-
sociated LSP calculations and their RPV decays, relationship to neutrino masses and so on.
However, the purpose of our present paper is to discuss the RPV decays of Wino charginos and
Wino neutralinos precisely within the context of the B − L MSSM; a minimal and specific ex-
tension of the MSSM with spontaneously broken R-parity. Furthermore, the initial conditions
of this theory are chosen so as to be completely consistent with all phenomenological require-
ments, a property not shared by much of the previous literature. Our analysis is performed so
as to predict RPV LSP decays amenable to observation at the LHC and arising from a minimal,
realistic,N = 1 supersymmetric theory. The calculation of the leading order RPV decays of the
Wino chargino and Wino neutralino LSPs in this specific context have not previously appeared
in the literature.
2 The LSPs of the B − LMSSM
A review of the B − L MSSM, including the structure of its R-parity violating interactions, was
presented in [1]. In that paper, we also discussed the relationship between the Majorana neutrino
masses, for both the normal and inverted neutrino hierarchies, and the RPV parameters i and νLi,
i = 1, 2, 3 using the most up-to-date neutrino data. The basic input parameters of our RG computer
code were also presented. We refer the reader to [1] for details. Here, we want to emphasize that
the interval over which all 24 dimensionful soft supersymmetry breaking parameters are statistically
scattered was chosen in [1] to be
[
M
f
,Mf ] where M = 1.5 TeV , f = 6.7 . (2.1)
This guarantees, as mentioned above, that all mass parameters in the theory lie approximately in the
range
[200 GeV, 10 TeV] . (2.2)
The values of M and f were chosen to maximize the number of points that are of phenomenological
interest — that is, compatible with current LHC bounds while also being potentially amenable to
observation at the LHC. Since this mass interval is ultimately used our analysis, it is important that
our results do not significantly depend on these values. Varying M and f changes the range that the
massive soft supersymmetry breaking parameters can take and, hence, effects how spread out the low
energy mass spectrum can be. However, the primary focus of this paper is the branching ratios and
decay lengths of Wino LSPs and NLSPs. We have tested our code with substantially different values
ofM and f and found that our primary results, that is, the branching ratios and decay lengths of Wino
LSPs and NLSPs, indeed do not significantly depend on the choice of M and f .
The soft supersymmetry breaking parameters are statistically scattered in the range (2.1) with a
log-uniform distribution. This is a standard choice of prior distribution. For examples and discussion
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see [69–72]. There are at least three reasons for choosing a log-uniform distribution. First, it has
the intuitive property of scattering masses evenly around the value M . That is, 50% of the scattered
masses will be above M and 50% will be below. A uniform distribution does not have this property.
See [53] for further discussion. Second, using a log-uniform distribution addresses ambiguities in how
the soft supersymmetry breaking parameters are scattered. For example, should we scatter the mass
or the mass squared? The log-uniform distribution addresses this because it is actually invariant with
respect to such choices. This ensures that our results are independent of these choices. See [70, 71]
for discussion of this. Third, the statistical inference literature identifies the log-uniform distribution
as a more objective one to use because it is non-informative in a formal sense [74]. In short, we use
the log-uniform distribution because it a standard choice and there are multiple good reasons for this
choice.
In addition to a discussion of the input parameters for the computer code, reference [1] also
presented all of the phenomenological requirements that must be fulfilled for the low energy B − L
MSSM vacuum to be physically realistic. Whether or not these requirements are satisfied depends
entirely on the initial soft supersymmetry breaking parameters that are chosen. As discussed in detail
in a number of previous papers, we choose these initial conditions statistically, randomly throwing
all 24 soft breaking parameters over the interval (2.1). A detailed analysis of this was presented in
[1]. Here, we simply present the relevant results. Out of 100 million initial statistical data points, we
found that 65,576 satisfied all phenomenological requirements when scaled to low energy using the
RGEs. These were called “valid black points”.
Although each such black point satisfies all physical requirements, they can have different LSPs.
A statistical study of the LSPs associated with the 65,576 black points was carried out in [1]. The
results are reproduced below in the histogram in Figure 1. First, notice that, despite having a large
production cross section, the percentage of physically realistic vacua having an admixture stop LSP
is, as mentioned above, relatively small– of the order of 0.01%. Much more statistically favored are
the “Wino chargino”, χ˜±W , and the associated “Wino neutralino”, χ˜
0
W . A generic chargino is an R-
parity conserving mixture of a charged Wino, W˜±, and a charged Higgsino, H˜±, along with a small
RPV component of charged leptons, eci , ei, i = 1, 2, 3. A Wino chargino is a chargino which is
predominantly the charged Wino. A generic neutralino is an R-parity conserving linear combination
of six neutralino sparticles, including the neutral Wino, W˜ 0, along with a small RPV component of
neutrinos, νi, i = 1, 2, 3. We refer the reader to [1] for details. A Wino neutralino is a neutralino
that is predominantly the neutral Wino. Our statistical analysis shows that the Wino chargino, χ˜±W ,
and the Wino neutralino, χ˜0W , arise from 4,858 and 4,869 valid black points respectively; that is, each
occurring approximately 7.40% of the time. Therefore, even though each has a lower production cross
section than the stop LSP, they clearly would play a significant role in any experimental search for
RPV decays in the B − L MSSM. It is also of interest, and important, to note that the percentage
of “Higgsino chargino” LSPs, χ˜±H , that is, a chargino which is predominantly a charged Higgsino, is
approximately zero. In fact, out of the 65,576 valid black points, only 1 was found to have a Higgsino
chargino LSP. The reason for this paucity of charged Higgsinos was explained in [1]. Hence, in this
and future publications we will ignore the Higgsino chargino LSP. It is clear from the histogram in
Figure 1 that, in addition to the Wino chargino and Wino neutralino, there are other possible LSPs
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Figure 1: A histogram of the LSPs associated with a random scan of 100 million initial data points,
showing the percentage of valid black points with a given LSP. Sparticles which did not appear as
LSPs are omitted. The y-axis has a log scale. The notation and discussion of the sparticle symbols on
the x-axis were presented in [1].
of the B − L MSSM that are potentially of interest experimentally. For example, the RPV decays of
χ˜0B and χ˜
0
H , with 42,039 and 105 valid black points respectively, are possibly observable at the LHC.
However, in this paper, we will confine our analysis to Wino charginos and Wino neutralinos only,
returning to other LSP RPV decays in future publications.
It will be helpful in our analysis to be more explicit about the properties of Wino chargino and
Wino neutralino mass eigenstates. We refer the reader to Appendices B and C for a detailed definition
of these states respectively. Here, we simply point out that the RPV terms in the definition of both of
these sparticles are always very small compared to the R-parity conserving terms. It follows that, al-
though essential in the discussion of RPV decays to standard model particles in the following sections,
these RPV terms give negligible contributions to the mass eigenvalues. Hence, in this section, where
we are discussing their LSP properties, we will consider only the R-parity conserving components of
the Wino chargino and Wino neutralino eigenstates.
First consider the Wino chargino. As discussed in Appendix B, after diagonalizing the chargino
mass mixing matrix, one obtains two chargino mass eigenstates, χ˜±1 and χ˜
±
2 , labeled such that χ˜
±
1 is
lighter than χ˜±2 . If the dimensionful parameters M2 and µ in the B − L MSSM satisfy |M2|< |µ|,
then (ignoring the R-parity violating components) the lighter state χ˜±1 is given by
χ˜±1 = cosφ±W˜
± + sinφ±H˜± , (2.3)
where W± and H˜± are the pure charged Wino and charged Higgsino respectively. The angles φ±
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are defined in equations (A.6) and (A.7). As discussed in Appendix B, the 4,858 viable initial points
leading to an observable chargino LSP will naturally tend to require |M2|< |µ| and, hence, satisfy
(2.3). Generically, one finds |M2| to be of order of several hundred GeV to ensure that the associated
LSP is observable at the LHC, whereas µ is much larger, of order a few TeV, to solve the “little
hierarchy problem”. Importantly, these mass scales, along with one other important input, allow one
to estimate the sizes of the φ± angles. As given in Appendix B, these angles are defined by
tan 2φ− = 2
√
2MW±
µ cosβ +M2 sinβ
µ2 −M22 − 2M2W± cos 2β
(2.4)
tan 2φ+ = 2
√
2MW±
µ sinβ +M2 cosβ
µ2 −M22 + 2M2W± cos 2β
. (2.5)
Clearly, the final required input is an estimate of the size of tan β. Although we sample tanβ with
a uniform prior between 1 and 65, we find that the 4,858 valid black points, subject to all low energy
phenomenological constraints, tend to prefer larger values of tanβ over the smaller ones. That is,
for most of the black points with chargino LSPs, sinβ ≈ 1 and cosβ  1. With these insights, we
expect
φ+ ≈ MW±
µ
∼ O (10−2, 10−1) (2.6)
and
φ− ≈ MW±
µ
(
cosβ +
M2
µ
)
∼ O (10−4, 10−2) , (2.7)
where MW± = 80.379 GeV is the measured mass of the W± weak gauge bosons. These angles |φ±|
can be evaluated numerically for each of the 4,858 associated black points. The results are shown as a
histogram in Figure 2. It is clear that both angles are extremely small for any such black points, which
is in agreement with our estimates in (2.6) and (2.7). It then follows from (2.3) that
χ˜±1 ' W˜± (2.8)
Therefore, we will denote
χ˜±1 ≡ χ˜±W (2.9)
and refer to χ˜±W as the Wino chargino. The mass of a Wino chargino was discussed in [1]. An analytic
expression for the R-parity preserving part of the mass eigenvalue was presented, as was the method
for numerically computing the RPV extension. Using these results, the Wino chargino mass can be
evaluated numerically for each of the 4.858 associated black points. The results were presented in [1]
and, for clarity, are reproduced here in Figure 3. The reason that the Wino chargino mass distribution
peaks toward the low mass values was discussed in detail in [1], and we refer the reader to that paper
for details.
Let us now consider the Wino neutralino. As discussed in [1], ignoring the very small RPV
corrections, there are 6 neutralino mass eigenstates, each a complicated linear combination of the
neutral gauge eigenstates. Here, we will only consider one of them, the Wino neutralino LSP , χ˜0W ,
and the 4,869 valid black points associated with it. As discussed in [1], a numerical calculation allows
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Figure 2: The mixing angles |φ+| and |φ−| plotted against the 4,858 valid black points leading to
a Wino chargino LSP’s. It is clear that both angles are extremely small and, hence cosφ± ≈ 1 and
sinφ± ≈ 0 for any such LSP.
us to compute, for each valid black point, the coefficients of the linear combination of neutral gauge
eigenstates comprising the Wino neutralino. Here, we will simply state the result that the coefficient
of the neutral Wino, W 0, component is largely predominant, whereas all other coefficients are very
small. See Appendix C for a detailed discussion. Hence, to a high degree of approximation,
χ˜0W 'W 0 . (2.10)
That is, the Wino neutralino LSP mass eigenstate is almost the neutral Wino. The methods for nu-
merically evaluating both the R-parity conserving and the RPV contributions to the Wino neutralino
mass were discussed in [1]. Using these methods, the Wino neutralino mass can be evaluated numer-
ically for each of the 4.869 associated valid black points. The results were presented in [1] and, for
clarity, are reproduced here in Figure 3. Again, the reason that the Wino neutralino mass distribution
peaks toward the low mass values was discussed in detail in [1], and we refer the reader to that paper
for details.
3 Wino Chargino LSP Decays
The minimal B-L extension of the MSSM, that is, the B − L MSSM, introduces RPV vertices that
allow LSPs to decay directly into SM particles. In this section, we will investigate the RPV decays
of a Wino chargino LSP. As discussed in [1], a generic chargino mass eigenstate is a superposition of
a charged Wino, a charged Higgsino and charged lepton gauge eigenstates. The R-parity conserving
– 11 –
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Figure 3: a) Mass distribution of the Wino chargino LSP’s for the 4,858 valid black points. The
masses range from 200 GeV to 1820 GeV, peaking towards the low mass end. b) Mass distribution of
the Wino neutralino LSP’s for the 4,869 valid black points. The masses range from 200 GeV to 1734
GeV, peaking towards the low mass end.
component of the Wino chargino is given by the linear combination of a charged Wino and charged
Higgsino presented in (2.3), where the charged Wino component dominates. The smaller RPV con-
tribution to the Wino chargino was presented in subsection 5.1 of [1]. For the case at hand, where
|M2|< |µ|, this was found to be
V1 2+ieci where V1 2+i = − cosφ+
g2 tanβmei√
2M2µ
vLi + sinφ+
mei
µvd
vLi (3.1)
for χ˜+W and
U1 2+iei where U1 2+i = − cosφ− g2vd√
2M2µ
∗i + sinφ−
∗i
µ
(3.2)
for χ˜−W . We sum (3.1) and (3.2) over i = 1, 2, 3.
One of the goals of of this paper is to predict the possible signals produced by the RPV decays
of Wino chargino LSPs, were such particles to exist and be light enough to be detected at the LHC. In
our previous paper [1], we analyzed RPV decay channels using 4-component spinor notation for the
mass eigenstates. For example, the Dirac spinor associated with the Weyl fermions χ˜±W is defined to
be
X˜±W =
(
χ˜±W
χ˜∓†W
)
. (3.3)
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W±
νi
X˜±W
(a) X˜±W →W±νi
Z0
`±i
X˜±W
(b) X˜±W → Z0`±i
h0
`±i
X˜±W
(d) X˜±W → h0`±i
Figure 4: RPV decays of a general massive chargino state X±W . There are three possible channels,
each with i = 1, 2, 3, that allow for Wino chargino LSP decays. The decay rates into each individ-
ual channel were calculated for generic charginos in our previous paper, and are reproduced here in
Appendix D
We found that X˜±W can decay into standard model particles via three RPV channels. These are shown
in Figure 4. Each of these three channels have different properties concerning their potential experi-
mental detection. The X˜±W → Z0`±i process is the Wino chargino decays most easily observed at the
LHC. On the other hand, the left handed neutrinos produced during X˜±W → W±νi can only be de-
tected as missing energy, while the Higgs boson h0 resulting from the decay X˜±W → h0`±i couples to
both quarks and leptons, leading to traces in the detector that are harder to interpret. In the following,
we will explicitly compute the decay rates and branching ratios for all three channels. Sufficiently
large probabilities for the process X˜±W → Z0`±i may indicate favorable prospects for detecting Wino
chargino LSPs at the LHC, whereas finding that this channel is subdominant would then make these
experimental efforts more difficult.
3.1 Branching ratios of the decay channels
The decay rates into each individual channel were calculated analytically for generic charginos in
our previous paper and are reproduced in Appendix D. For a fixed lepton family i, these decay rates
depend explicitly on the choice of the neutrino hierarchy and the value of θ231. We will discuss this in
detail at the end of this section. However, for the present, we will confine ourselves to a calculation of
the overall branching ratio for a given type of decay process, which explicitly involves a sum
∑3
i=1
over the lepton families. The relative prevalence of each channel type is determined by its associated
branching ratio. A statistical analysis shows that, for any given decay channel, the sum over the
three lepton families makes the branching ratio approximately independent of both the choice of the
neutrino hierarchy and the value of θ23. We will now evaluate these branching ratios for each of the
4,858 valid black points associated with a Wino chargino LSP, separating the data into statistically
1As shown in [1], each of the measured values of θ23 in both the normal and inverted hierarchies have small uncertainties
around a central value. These uncertainties are incorporated into our computer code in all calculations. However, for
simplicity of notation, when we refer to the value of θ23 in the text of this paper, we will suppress these error intervals and
indicate the central values only.
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relevant bins of both tanβ and the Wino chargino mass. To begin with, these calculations will be
carried out assuming a normal hierarchy with θ23 = 0.597. Later on in this section, we will discuss
the small statistical differences that would occur had we chosen one of the other possible neutrino
data sets. To make this process transparent, we now present our explicit calculational procedure.
For specificity, let us first discuss X˜±W → Z0`±i for any i = 1, 2, 3. For this decay channel, the
branching ratio is defined by
BrX˜±W→Z0`± =
∑3
i=1 ΓX˜±W→Z0`±i∑3
i=1
(
ΓX˜±W→W±νi + ΓX˜±W→Z0`±i + ΓX˜±W→h0`±i
) . (3.4)
We now proceed to evaluate (3.4) for each of the valid black points associated with a Wino chargino
LSP. Since there will be 4,858 different values of BrX˜±W→Z0`± , we find it convenient to divide up
this data into separate bins. Specifically, we will do the following. First, recall from Figure 3 that
the physical mass of a Wino chargino is much more likely to be small, on the order of 200 GeV, and
approximately 10−2 times less likely to be on the order of 1 TeV. This leads us to divide the Wino
chargino LSP mass range into three bins given by
MX˜±W
∈ [200, 300], [300, 600], [600, 1820] GeV . (3.5)
The range of each bin is chosen so that each contains approximately a third of the 4,858 valid black
points. Second, as we will see below, the value of tanβ plays a significant role in the relative sizes of
the branching ratios of the three decay channels. With this in mind, we plot the values of BrX˜±W→Z0`±
against tanβ for each of the three mass bins in (3.5). In each case, we present the “best fit” to the data
as a green curve. We further partition each of these plots into bins– represented by the vertical, dashed
blue lines –where the best fit curves in each plot behave similarly. The results are presented in Figure
5. We see from these plots that the range of tanβ is naturally broken into four regions approximately
given by
tanβ ∈ [1.2, 5], [5, 8], [8, 16], [16, 65] . (3.6)
Having broken up the ranges of MX˜±W and tanβ into 3 and 4 bins respectively, we now calculate
the median, the interquartile range and the maximum and the minimum values2 of the branching ratio
BrX˜±W→Z0`± for the decay channel X˜
±
W → Z0`±i in each of the 3 × 4 data bins. Using an identical
procedure, one can compute the same quantities for the remaining two branching ratios BrX˜±W→W±ν
and BrX˜±W→h0`± as well. The results are displayed in Figure 6.
For example, for the valid black points with Wino chargino LSP mass between 200 and 300 GeV
and with tanβ between 8 and 16, Figure 6 can be interpreted in the following way:
• The branching ratios have median values of 0.064 for the X˜±W →W±ν channel, 0.0445 for the
X˜±W → Z0`± channel, and 0.882 for the X˜±W → h0`± channel. We therefore expect h0 Higgs
boson production via chargino RPV decays to dominate for these ranges of mass and tanβ.
2To make these terms explicit– a) the “median” is the value of a quantity for which 50% of that quantity have larger
values and 50% are smaller and b) the “interquartile” range is the interval of that quantity which contains 25% of all
values that lie above the median and 25% that lie below it. 3) The meaning of the “maximum” and “minimum” values is
self-evident
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Figure 5: A scatter plot of all 4,858 branching ratios, BrX˜±W→Z0`± , associated with a Wino chargino
LSP versus tanβ. The plot is broken up into the three MX˜±W mass bins given in (3.5). In each plot,
the values of the branching fractions are highly scattered around the a green curve which represents
the “best fit” to the data. The vertical blue lines mark the boundaries of the four regions where the
behavior of the best fit lines are approximately identical.
• After solving for the RPV couplings and the decay rates, we generally obtain different branching
ratio values for different viable initial conditions in our simulation. The data is scattered around
the “best fit” values, as shown in Figure 5 . However, the branching ratios take values only
within certain ranges, allowing for theoretical predictions for the decay patterns of the Wino
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Chargino LSPs. The dashed error bars in Figure 6 indicate the full range of values that the
branching ratios take. For example, in our chosen bin, the branching ratios for the X˜±W → Z0`±
channel are not higher than approximately 0.18 while they can be very close to 0. At the same
time, the branching ratios for the X˜±W → h0`± channel are approximately between 0.72 and
0.95.
• The boxes show the interquartile ranges, within which 50% of the points lie around the median
value. In our chosen bin we learn, for example, that while the branching ratios for the X˜±W →
Z0`± channel can take any value between approximately 0.18 and 0, they tend to accumulate
in the more restricted interval 0.03− 0.08.
Generically, for all three mass ranges and all four tanβ bins in Figure 6, one can conclude the
following. It is clear that the X˜±W → h0`± channel is the most abundant and becomes increasingly
so for higher values of tanβ. . For tanβ < 5, the medians of the branching fractions for the most
experimentally visible channel, X˜±W → Z0`±, lie between 0.20-0.65, depending on the mass bin.
However, there are very few such cases in our simulation-only 1.8%. Much more likely is a scenario
in which tanβ is large. We find that 69.1% of the total number of points have tanβ > 16. For this
parameter region, however, the branching fraction of X˜±W → Z0`± drops between 0.05 − 0.18, and
the prospects of detecting it become slimmer.
The results in Figure 6 were calculated using numerical inputs into the complicated expressions
for the decay rates given in Appendix D. Hence, the origin of the physical trends displayed in that
Figure is obscure. However, the formulas for the decay rates can, under certain assumptions, be
simplified– allowing for a physical interpretation for the observed relationships between the three
decay channels. To do this, we note the following:
• As shown in Figure 2 above, the values for the angles |φ±| are very small for each of the 4,858
black points associated with the Wino chargino; with |φ−| being generically smaller than |φ+|.
Hence, to a high degree of approximation, one can set cosφ− = 1 and sinφ− = 0. However,
due to the fact that the values for |φ+|, although very small, tend to be somewhat larger than
|φ−|, we can only take cosφ+ ≈ 1 and sinφ+ ≈ 0.
• The lepton masses, m`i , are insignificant compared to the other masses in the expressions for
the decay rates and, hence, the terms containing them can be neglected. Note that all occurences
of the angle φ+ are contained in these terms. This facilitates our simplification even further,
since the slightly larger values of |φ+| no longer enter the approximation of the decay rates.
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Figure 6: Branching ratios for the four possible decay channels of the Wino chargino LSP, presented
for the threeMX˜±W mass bins and four tanβ regions. The colored horizontal line inside each box indi-
cate the median value of the branching fraction in that bin, the colored box indicates the interquartile
range in that bin, while the dashed error bars show the range between the maximum and the mini-
mum values of the branching ratio for that bin. The case percentage indicate what percentage of the
valid initial points have tanβ values within the range indicated. For each channel, we sum over all
three families of possible leptons. Note that X˜±W → h0`± is strongly favored– except perhaps in the
1.2 < tanβ < 5 bin. The calculations were performed assuming a normal neutrino hierarchy, with
θ23 = 0.597.
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Using these two approximations, we obtain simplified expressions for the decay rates of each of
the three decay channels. They are
ΓX˜±W→W±νi ≈
g42
64pi
( vd√
2M2µ
i−MBLvu
M1v2R
j [VPMNS]ji
)2M3X˜±W
M2
W±
1− M2W±
M2
X˜±W
21 + 2M2W±
M2
X˜±W
 ,
(3.7)
ΓX˜±W→Z0l±i ≈
g42
64pi
( 1√
2
cW (vdi + µv
∗
Li
) + 1cW
(
1
2 − s2W
)
vdi
M2µ
)2
×
M3
X˜±W
M2
Z0
1− M2Z0
M2
X˜±W
21 + 2 M2Z0
M2
X˜±W
 , (3.8)
ΓX˜±W→h0l±i ≈
g22
64pi
sin2 α
(
i
2µ
)2
MX˜±W
1− M2h0
M2
X˜±W
2 . (3.9)
We refer the reader to Appendix A to understand all the parameters in this expressions. By
examining (3.7)-(3.9), we understand why the X˜±W → h0`± channel dominates, being directly pro-
portional to /µ, without the suppression vd/M2 that is present in the other decay channels for similar
terms. However, the vd/M2 suppression becomes less pronounced for small tanβ values, since
vd = 174 GeV/(1 + tanβ) increases. Therefore, channels of interest such as X˜±W → Z0`± become
increasingly more significant towards smaller tanβ values. The Goldstone equivalence theorem tells
us that the first two channels are amplified by the longitudinal degrees of freedom of the massive Z0µ
and W±µ bosons, so the traces of these two decays become more apparent in scenarios with more
massive LSP’s.
3.2 Choice of neutrino data
The neutrino mass hierarchy can be normal or inverted. Furthermore, for each of those possible
hierarchies, two different values of the neutrino mixing angle θ233 fit the existing data. See [75, 76].
For the normal hierarchy, the angle θ23 can be 0.597 or 0.417, while for the inverted one, θ23 can
be 0.529 or 0.421. So far, out of the four possibilities, we have chosen a normal neutrino hierarchy
with sin θ23 = 0.597 to compute the branching ratios– each summed over all three families of leptons
–and their relative properties for each decay channel. The results were shown in Figures 5 and 6.
Can choosing the other neutrino hierarchy and/or different values of θ23 modify those predictions?
To explore this question, we begin by repeating the calculations of Subsection 3.1 leading to Figure
3As discussed above, each of the measured values of θ23 in both the normal and inverted hierarchies have small un-
certainties around a central value– which are incorporated into our computer code. However, in the text of this paper, for
notational simplicity, we will ignore these uncertainties and write the central values only.
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6, but this time for an inverted hierarchy with θ23 = 0.529. We find that the new median values
of the branching ratios change, but are never outside the interquartile ranges displayed in Figure 6.
Furthermore, we find that switching between the two possible values of the angle θ23 while keeping
the hierarchy the same has no impact on the results– for either the normal or the inverted hierarchy.
These results are best illustrated by plotting the branching ratios (summed over all mass and
tanβ bins) for each decay channel against the other two channels– and doing this for each of the four
choices of neutrino input data. Each such plot is simplified by using the fact
BrX˜±W→W±ν + BrX˜±W→Z0`± + BrX˜±W→h0`± = 1 . (3.10)
We have demonstrated (3.10) explicitly for the normal hierarchy with θ23 = 0.597, and have nu-
merically shown that it remains true for the other three neutrino input possibilities. It follows that
BrX˜±W→W±ν can be determined, using (3.10), from the remaining two decay channels. Hence, one
can plot 2D histograms associated with all 4,858 valid black points associated with a Wino chargino
LSP for each of the four possible neutrino input scenarios. These are presented in Figure 7.
The most obvious fact that one learns by comparing the top and bottom plots for each individual
neutrino hierarchy in Figure 7 is that the θ23 angles play no role in determining the branching ratios–
as stated above. The reason for this is the following. First, note that the simplified expressions (3.7)
- (3.9), although originally presented for the normal hierarchy with θ23 = 0.597, remain valid for
the other three sets of neutrino data as well. When we sum over the three lepton families in these
expressions, the decay rates for each individual channel are proportional to the squared amplitudes of
the RPV couplings. Changing the value of the θ23 angle results in a different unitary VPMNS matrix,
which rotates the i and vLi , i = 1, 2, 3 components differently, but does not change the squared
amplitudes of these couplings to produce a statistically observable effect. For this reason, switching
between different θ23 values inside any hierarchy doesn’t result in different data patterns, as clearly
shown in Figure 7. This is why using only one value of the angle ( for example θ23 = 0.597 for
the normal hierarchy and θ23 = 0.529 for the inverted hierarchy) is sufficient to make experimental
predictions. Note, however, that if one does not sum over the three lepton families, this argument
is no longer valid, and the value of θ23 can play a substantial role. We will explore this scenario in
Subsection 3.4.
The second fact that one learns from comparing the left-hand and right-hand plots of Figure 7 is
that there is a difference in the distribution of branching ratios between the normal and the inverted
neutrino hierarchies. This is because, in our theory, the three generations of left handed neutrinos
have Majorana masses, directly proportional to the squared amplitudes of these RPV couplings. In
the normal hierarchy
m1 = 0, m2 = (8.68± 0.10)× 10−3 eV, m3 = (50.84± 0.50)× 10−3 eV (3.11)
while in the inverted one
m1 = (49.84± 0.40)× 10−3 eV, m2 = (50.01± 0.40)× 10−3 eV, m3 = 0. (3.12)
We expect, therefore, that the amplitudes of the couplings will change with the choice of neutrino
hierarchy– leading to the differences in the branching ratios that we observe in Figure 7. Note, how-
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Figure 7: Branching ratio to h0`± versus branching ratio to Z0`± for Wino chargino LSP decays, for
both normal and inverted hierarchy. Wino chargino LSP decays via the X˜±W → Z0`± channel tend to
be more abundant for a normal hierarchy. The choice of the angle θ23 has no impact on the statistics
of these decays, for any of the two possible hierarchies. The percentages indicate what proportion of
the points is contained within each third of the four plots.
ever, from the distribution of points– plotted as percentages –in the subsections of each plot, that the
difference in branching ratios between the normal and inverted hierarchies is relatively small, on the
order of a few percent. This is consistent with our statement above that the “new median values of
the branching ratios (for the inverted hierarchy) change, but are never outside the interquartile ranges
displayed in Figure 6 (the normal neutrino hierarchy).” Moreover, in the next section we show that
the chargino decay lengths are generally smaller when we assume the inverted hierarchy, compared to
when we assume a normal one.
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Figure 8: Wino Chargino LSP decay length in millimeters, for the normal and inverted hierarchies,
summing over all three decay channels. The average decay length L = c × 1Γ decreases for larger
values of MX˜±W , since the decay rates are amplified because of the longitudinal degrees of freedom
of the massive bosons produced. We have chosen θ23 = 0.597 for the normal neutrino hierarchy and
θ23 = 0.529 for the inverted hierarchy. However, the choice of θ23 has no impact on the decay length.
Finally, from Figure 7 we learn that the Wino chargino decays via the X˜±W → h0`± channel tend
to be slightly more abundant for a normal hierarchy. However, the incremental difference is relatively
small, since the bulk of the points lie in the top left corner, where the decay to h0`± dominates.
Although the effect is too small to be statistically distinguishable, it is of interest to note how the
choice of neutrino hierarchy can have small influence over the decay rates.
3.3 Decay Length
There is one more issue to be discussed; that is, are the decays of the Wino chargino “prompt”– defined
to be decays where the overall decay length L, defined in (3.13), satisfies L < 1mm? The key to this
problem lies in the magnitudes of the RPV parameters, i and vLi . We find that for prompt decays, at
least one of the couplings i needs to be larger than 10−4 GeV. The overall scale of neutrino masses
guarantees that this is well satisfied. Putting the lower limit of this interval any lower would not
change our results significantly. The upper limit of this interval eliminates the problem of unphysical
finely tuned cancellations in the neutrino mass matrices. See [1] for details. In Figure 8, we present
two scatter plots– one for the normal and one for the inverted neutrino hierarchy –of the decay length
L = c× 1
Γ
, Γ =
3∑
i=1
(
ΓX˜±W→W±νi + ΓX˜±W→Z0`±i + ΓX˜±W→h0`±i
)
(3.13)
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against the Wino chargino LSP mass for all of the 4,858 valid black points with a Wino chargino LSP.
The parameter c is the speed of light. Since the overall decay rate involves a sum over the three lepton
families, it follows from the results of the previous section that the value of θ23 plays no role for either
hierarchy. We find that the viable Wino chargino LSPs in our simulation decay promptly and produce
prompt vertices in the detector for both neutrino hierarchies. However, we note that the decay lengths
tend to be slightly smaller in the case of the inverted hierarchy. This follows from the fact that the
masses of the neutrinos are, overall, slightly larger in the inverted case. Hence, the RPV couplings
will be somewhat larger as well– resulting in a tiny increase in the decay rates and, therefore, smaller
decay lengths in the inverted hierarchy.
Although Figure 8 shows that Wino chargino LSPs decay promptly for all viable initial points,
their decay rates are strongly dominated by the X˜±W → h0`± channel in general. Recall that the
notion of “prompt” used above involved a sum over all three separate channels. This stimulates us
to study the “promptness” of each individual decay channel independently– although we continue to
sum over the three lepton families.
For example, the decay length of X˜±W → Z0`± is given by
LX˜±W→Z0`± = c×
1∑3
i=1 ΓX˜±W→Z0`±i
. (3.14)
In Figure 9 we show that the Wino chargino LSP has decay lengths smaller than 1mm when decaying
via any of the channels X˜±W → Z0`±, X˜±W → h0`± and X˜±W →W±ν.
3.4 Lepton family production
As discussed above, for any one of the three generic decay channels, the branching ratio for the decay
into an single lepton family can, in principal, depend on the choice of the neutrino hierarchy and
the value of θ23 used in determining the values of the i and vLi parameters. Using the available
neutrino data with 3σ errors for the neutrino masses, along with the VPMNS rotation matrix angles and
CP violating phases– see [1] for details –one can calculate, for any valid black point associated with
a Wino chargino LSP, the decay rate into each individual lepton family for a given decay channel.
Clearly, the value of the decay rate will depend explicitly on the choice of neutrino hierarchy– either
normal or inverted –and, for a given hierarchy, on the choice of the two allowed values of θ23. For
example, to quantify the probability to observe an electron e± in the generic decay process X˜±W →
Z0`±, we compute
BrX˜±W→Z0e± =
ΓX˜±W→Z0e±
ΓX˜±W→Z0e± + ΓX˜±W→Z0µ± + ΓX˜±W→Z0τ±
, (3.15)
and similarly for a muon, µ±, and a tauon, τ±, final state. Using this result, we proceed to quantify
the branching ratios for each of the 3 decay processes X˜±W →W±νi, X˜±W → Z0`±i and X˜±W → h0`±i
into their individual lepton families. The results are shown in Figure 10. Each subgraph in Figure 10
has the following characteristics. For a point near the top left corner of each subgraph, the branching
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Figure 9: Wino Chargino LSP decay length in milimeters, for individual decay channels, for both
normal and inverted hierarchies. We have chosen θ23 = 0.597 for the normal neutrino hierarchy and
θ23 = 0.529 for the inverted hierarchy. The choice of θ23 has no impact on the decay lengths. All
individual channels have decay lengths < 1mm
ratio into a third family lepton is the largest, whereas for a point near the bottom right corner, the
branching ratio into a first family lepton is the largest. Finally, using the fact that
BrX˜±W→Z0e± + BrX˜±W→Z0µ± + BrX˜±W→Z0τ± = 1 , (3.16)
it follows that for a point near the the bottom left corner, the branching ratio into a second family
lepton is the largest. Perhaps the most striking feature of each such graph is the connection between
the Wino chargino decays, the neutrino hierarchy and the θ23 angle. Should experimental observation
measure these branching ratios with sufficient precision, that could help shed light on the neutrino
hierarchy and the value of θ23. For each neutrino hierarchy, there are two sets of points of different
color, since the present experimental data allows for two values of θ23.
For example, let us consider the subgraph associated with the X˜±W → Z0`± decay channels. If
experimental observation finds that electrons are predominant after the Wino chargino LSP decays,
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Figure 10: Branching ratios into the three lepton families, for each of the three main decay channels
of a Wino chargino LSP. The associated neutrino hierarchy and the value of θ23 is specified by the
color of the associated data point.
then the hierarchy is inverted. Depending on whether the experimental result is a green or a blue point,
implies that θ23 will be 0.421 or 0.529 respectively. However, if the branching ratios to either the
second or third family leptons are highly dominant, then the hierarchy will be normal, with θ23 given,
most likely, by 0.597 and 0.417 respectively. That is, with sufficiently precise measured branching
ratios one could determine the type of neutrino hierarchy and the value of the θ23 mixing angle from
the color of the associated data point.
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Figure 11: RPV decays of a general massive Wino neutralinoX0W . There are three possible channels,
each with i = 1, 2, 3, that allow for Wino neutralino LSP decays. The decay rates into each individual
channel were calculated analytically in our previous paper and are reproduced in Appendix E.
4 Wino Neutralino LSP Decays
In this section, we analyze the RPV decay signatures of the Wino neutralino LSPs. Written in 4-
component spinor notation, the Wino neutralino Weyl spinor, χ˜0W , becomes
X˜0W =
(
χ˜0W
χ˜0†W
)
, (4.1)
which is a Majorana spinor. In our previous paper [1], we analyzed the RPV decay channels using 4-
component spinor notation for all neutralino mass eigenstates. These are presented, for specificity, in
Appendix E of this paper. The Wino neutralino corresponds to the case where n=2. Unlike the Wino
chargino, the Wino neutralino has only three possible decay channels, reproduced here in Figure 11.
4.1 Branching ratios of the decay channels
The X˜0W → W±`∓i processes is the most favored for detection at the LHC. Similarly to the Wino
chargino decay products, the left handed neutrinos produced during X˜0W → Z0νi decays can only
be detected as missing energy, while the Higgs boson h0 arising from X˜0W → h0νi couples to both
quarks and leptons, leading to decay remnants in the detector that are harder to interpret. Hence, the
most interesting decay experimentally appears to be the Wino neutralino decay into a W± massive
boson and a charged lepton. The decay rates into each individual channel were calculated in our
previous paper and are reproduced in Appendix E. The abundance of each channel is proportional to
its branching ratio. For example, for the process X˜0W →W±`∓ the branching ratio is defined to be
BrX˜0W→W±`∓ =
∑3
i=1 ΓX˜0W→W±`∓i∑3
i=1
(
ΓX˜0W→Z0νi + ΓX˜0W→W±`∓i + ΓX˜0W→h0νi
) . (4.2)
We now study the decay patterns and branching ratios for each for the 3 decay channels of the
Wino neutralino. There are 4,869 valid black points associated with Wino neutralino LSPs. For
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Figure 12: Branching ratios for the three possible decay channels of a Wino neutralino LSP divided
over three mass bins and four tanβ regions. The colored horizontal lines inside the boxes indicate
the median values of the branching fraction in each bin, the boxes indicate the interquartile range,
while the dashed error bars show the range between the maximum and the minimum values of the
branching fractions. The case percentage indicate what percentage of the physical mass spectra have
tanβ values within the range indicated. We assumed a normal neutrino hierarchy, with θ23 = 0.597.
each of these, we compute the decay rates via RPV processes, using the expressions (E.2)-(E.8) with
n = 2 given in Appendix E. The branching ratios of the main channels take different values for
different valid points in our simulation. These values are scattered around the median values of these
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quantities. We compute the median values, interquartile ranges and the minimum and maximum
values of the branching fractions in the same “bins” of the parameter space as we used in the study
of the Wino chargino LSP decay channels. That is, we sample the average branching fractions in the
three bins for the LSP massMX˜0W ∈ [200, 300], [300, 600], [600, 1734]
4 GeV and in the four intervals
for tanβ ∈ [1.2, 5], [5, 8], [8, 16], [16, 65]. The results are presented in Figure 12. To carry out the
explicit calculations, we have chosen a normal neutrino hierarchy with θ23 = 0.597. We again find
that assuming an inverted neutrino hierarchy changes these results only slightly, while the exact value
of θ23 is statistically irrelevant.
Note that the X˜0W → h0ν is dominant in all regions of the parameter space. The X˜0W → W±`∓
process has relatively high occurrence, especially for spectra characterized by small tanβ values.
Just as for charginos, the equations for the decay rates are complicated and do not allow a simple
explanation of the relative results. Furthermore, unlike for charginos, the rotation matrices involved
are much more complicated since there are six neutralino species, while only two chargino species.
Nevertheless, simplifying assumptions can be made. One such assumption is that the soft breaking
terms have much larger magnitudes than the electroweak scale. This renders the Wino neutralino to
be almost purely neutral Wino. Furthermore, using the fact that the charged lepton masses are much
smaller than the soft breaking parameters further simplifies the equations. Using these approximations
in the expressions in Appendix E, one obtains the following simplified formulas for the decay rates.
They are given by
ΓX˜0W→Z0νi ≈
1
64pi
( g22
2cWM2µ
(vdi + µv
∗
Li) [VPMNS]
†
ij
)2M3X˜0W
M2
Z0
1− M2Z0
M2
X˜0W
21 + 2 M2Z0
M2
X˜0W
 ,
(4.3)
ΓX˜0W→W∓`±i ≈
1
64pi
( g22
2M2µ
(vd
∗
i + µvLi))
)2×
×
M3
X˜0W
M2
W±
1− M2W±
M2
X˜0W
21 + 2M2W±
M2
X˜0W
 , (4.4)
ΓX˜0W→h0νi ≈
1
64pi
(g2
2
[VPMNS]
†
ij
(
sinα
∗j
µ
))2
MX˜0W
1− M2h0
M2
X˜0W
2 . (4.5)
We refer the reader to Appendix A to understand all the parameters in this expressions. Unlike
the approximate expressions for the decay rates of Wino charginos in eqs. (3.7)-(3.9), the above ex-
pressions are less exact. The neutralino mass matrix contains a significantly larger number of soft
mass parameters which can take values of a few GeV, close to the electroweak breaking scale, where
the approximation breaks down. Nevertheless, the above expressions still provide valuable insights
4Note that the highest mass for a Wino neutralino is somewhat smaller than that for a Wino chargino.
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Figure 13: Wino neutralino LSP decay length in millimeters, for the normal and inverted hierarchies
summed over all three channels. The average decay length L = c × 1Γ decreases for larger values
of MX˜0W , since the decay rates are amplified because of the longitudinal degrees of freedom of the
massive bosons produced. We have chosen θ23 = 0.597 for the normal neutrino hierarchy and θ23 =
0.529 for the inverted hierarchy. However, the choice of θ23 has no impact on the decay length. The
dotted line represents the 1mm line, below which all decays are considered prompt.
into which decay channel is expected to dominate in the chosen regions of parameter space. Ana-
lyzing (4.3)-(4.5), we expect the decay channels to have comparable contributions. Interestingly, the
channels X˜0W →W±`∓i and X˜0W → Z0νi receive a suppression proportional to vdM2 = 174GeVM2√1+tan2 β .
Therefore, for large values of tanβ, the channel involving the Higgs boson, h0, dominates for Wino
neutralino decays, just as the Higgs channel dominated the Wino chargino LSP decays for this range
of tanβ.
4.2 Decay length
Figure 13 shows that Wino neutralino LSP decays are prompt– that is, the overall decay length L is
less than 1mm –just as it is for Wino chargino LSP decays. Therefore, signals of both Wino chargino
and Wino neutralino LSP decays produce point-like vertices. This insight is particularly useful when
considering that the NLSPs of these two sparticle species (Wino neutralino NLSP for Wino chargino
LSP and Wino chargino NSLP for Wino neutralino LSP) are almost degenerate in mass with the LSPs.
We observe that in the case of the inverted hierarchy, the decay lengths are generally a little smaller,
since the values of the RPV couplings are somewhat larger, as we explained in the previous section.
In Figure 14, we study the decay lengths of the three decay channels separately. We find that all
three processes occur promptly in the detector.
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Figure 14: Wino neutralino LSP decay length in milimeters, for individual decay channels, for both
normal and inverted hierarchies. We have chosen θ23 = 0.597 for the normal neutrino hierarchy and
θ23 = 0.529 for the inverted hierarchy. The choice of θ23 has no impact on the decay length. The
dotted line represents the 1mm line, below which all decays are considered prompt.
4.3 Lepton family production
We again study which of the three lepton families, if any, is favored within each of the three decay
channels. For example, to quantify the probability to observe an electron e∓ in the X˜0W → W±`∓
process, over a muon µ∓ or a tauon τ∓, we compute
BrX˜0W→W±e∓ =
ΓX˜0W→W±e∓
ΓX˜0W→W±e∓ + ΓX˜0W→W±µ∓ + ΓX˜0W→W±τ∓
(4.6)
Using this formalism, we proceed to quantify the branching ratios for each of the three decay processes
X˜0W → W±`∓, X˜0W → Z0νi and X˜0W → h0νi into their individual lepton families. The results are
shown in Figure 15. In Figure 15 we see that the X˜0W → W±`∓ process has an almost identical
statistical distribution for lepton family production as does the chargino decay channel X˜±W → Z0`±.
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.Figure 15: Branching ratios into the three lepton families, for each of the three main decay channels
of a Wino neutralino LSP. The associated neutrino hierarchy and the value of θ23 is specified by the
color of the associated data point.
Additionaly, note that in a Wino neutralino decay via X˜0W → h0νi, the decay rate has a dominant term
proportional to the square of [V †PMNS]ijj . The combination leads to a branching ratio distribution as
that observed in Figure 15–no ντ neutrino is produced in the case of an inverted hierarchy and no νe
is produced in the case of a normal hierarchy.
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Figure 16: a) A plot of the sparticle spectrum for a choice of one of the 4,858 valid black points
associated with Wino chargino LSPs. The Wino neutralino NLSP is almost degenerate in mass with
the LSP Wino chargino mass. b) A plot of the sparticle spectrum for a choice of one of the 4,869 valid
black points associated with Wino neutralino LSPs. The Wino chargino NLSP is almost degenerate
in mass with the LSP Wino neutralino mass.
5 Wino Neutralino NLSPs and Wino Chargino NLSPs
Having analyzed the RPV decays of both Wino chargino LSPs and Wino neutralino LSPs, we now
discuss the RPV decays of the NLSPs associated with each case. The reason this is important is the
following. Let us begin with the Wino chargino LSPs associated with 4,858 valid black points. Now
choose one of these black points. In Figure 16a, we plot the entire sparticle spectrum of the theory for
this fixed point.
Of course, a Wino chargino is the LSP by construction. Interestingly, however, we see that the associ-
ated NLSP is, in fact, a Wino neutralino. This is not simply an accident of our specific choice of black
point. In Figure 17a, we plot the mass difference in MeV between the Wino neutralino NLSP and the
Wino chargino LSP for all 4,858 black points. It is clear that for every Wino chargino LSP, the NLSP
is a Wino neutralino whose mass is larger than, but very close to, the mass of the LSP– as shown in
Figure 16a for a single such point. This is, perhaps, not surprising since the dominant contribution
to the mass of both sparticles is given by the soft supersymmetry breaking parameter M2. See [1]
for details. Not surprisingly, we find that a similar, but reversed, situation occurs when the LSP is a
Wino neutralino. Choosing one of the 4,869 associated valid black points, we find that the complete
sparticle spectrum is given in Figure 16b. Of course, a Wino neutralino is the LSP by construction.
However, we now we find that the situation is reversed and that the associated NLSP is now a Wino
chargino. Again, this is not simply an accident of our specific choice of black point. In Figure 17b,
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Figure 17: a) The Wino neutralino NLSPs are all almost degenerate in mass with the LSPs, the Wino
charginos. The mass difference is smaller than 200 MeV for most of the valid black points, as can
be seen in the mass difference histogram. b) The Wino chargino NLSPs are all almost degenerate in
mass with the LSPs, the Wino neutralinos. The mass difference is smaller than 200 MeV for most of
the viable cases, as can be seen in the mass difference histogram
we plot the mass difference in MeV between the Wino chargino and the Wino neutralino for all 4,869
Wino neutralino black points. It is clear that for every Wino neutralino LSP, the NLSP is a Wino
chargino whose mass is larger than, but very close to, the mass of the LSP– as in Figure 16b. Once
again, this is hardly surprising since the dominant contribution to the mass of both sparticles is given
by the soft supersymetry breaking parameter M2.
Because the mass difference between the two species is so small, both the Wino chargino and the
Wino neutralino will be produced at the LHC; assuming that one of them is the LSP and sufficiently
light. We have already analyzed the decays of the LSP, both for the case in which the LSP is a Wino
chargino and when the LSP is the Wino neutralino. These particles can decay into SM particles due
to the RPV couplings in the B-L MSSM model we are studying. The NLSPs, however, as with any
other sparticle in the mass spectrum that is not the LSP, can decay via channels that either violate
R-parity or channels which conserve it. In general, the RPC couplings are much stronger than the
RPV couplings introduced in our theory, since the latter need to be small enough to be consistent with
the observed neutrino masses and not lead to unobserved effects such as proton decays. Therefore, the
RPC decays of sparticles that are not the LSP are, in general, expected to have much higher branching
ratio than the RPV decays. However, in the cases that we focus on, the NLSP is almost degenerate
in mass with the LSP. The mass difference is so small that an RPC decay of a Wino neutralino NLSP
into a Wino chargino LSP (or vice versa) might prove highly suppressed. Therefore, the NLSP would
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(a)
Figure 18: Absolute values of the 1, 2 and 3 parameters associated with the 4,858 black points
with Wino chargino LSP (red) and with the 4,869 black points with Wino neutralino LSP (blue).
We assume a normal hierarchy with θ23=0.597. We find that these RPV parameters lie in the same
statistical regions, regardless of LSP species.
behave as though it was an LSP which decays via RPV decays. In the remainder of this section, we
analyze both the RPV and the RPC decays of the Wino chargino and the Wino neutralino NSLPs and
provide a quantitative comparison of the decay rates of those channels.
5.1 RPV decays of the NLSPs
We begin our discussion by analyzing the RPV decay channels of both the Wino chargino NLSP and
the Wino neutralino NLSP. A Wino chargino and Wino neutralino LSP will, indeed, decay exactly
as discussed in Sections 3 and 4 of this paper respectively. However, are the NLSP RPV decay
rates and branching ratios the same as though they were actual LSPs? Does a Wino chargino NLSP,
associated with the initial conditions for a Wino neutralino LSP, decay in the same way as an actual
Wino chargino LSP? The same question arises for the Wino neutralino NLSP. Even though, in these
cases, the LSP and NLSP masses are very close, the answer is not immediately obvious, since the
decay rates and branching ratios do not depend only on these masses. The decay rates for charginos
and neutralinos given in Appendix D and E are completely general, and apply for any chargino and
neutralino species, regardless of if they are the LSP or just another particle in the spectrum. Those
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Figure 19: Dominant RPC decay modes of (a) a Wino chargino NLSP and (b) a Wino neutralino
NLSP. This decay mode dominates for NSLP-LSP mass difference δM larger than the mass of the
charged pions pi±; that is, δM > mpi±
equations depend on a large number of parameters of the theory, such as MBL, vR, tanβ, MR,
as well as on the RPV couplings i, vLi , i = 1, 2, 3. A Wino chargino LSP and a Wino chargino
NLSP (associated with a Wino neutralino LSP) have the same RPV decay patterns only if all these
parameters are contained within similar statistical intervals.
For example, let us consider the  parameters. In Figure 18 we plot the absolute values of the
1, 2 and 3 couplings, associated with the 4,858 black points with Wino chargino LSP and with
the 4,869 black points with Wino neutralino LSP, respectively. We assumed a normal hierarchy, with
θ23=0.597. We find that these RPV parameters are statistically similar, whether associated with a
Wino chargino LSP, or with a Wino neutralino LSP. This is clear from Figure 18, where the points
lie substantially on top of each other. Plotting 1 against 2 and 3 for both initial conditions with
Wino chargino and Wino neutralino LSP is only one of the tests one can make, since other parameters
could be relevant. However, this scatter plot is a particularly pertinent one, since the RPV couplings
depend on the neutrino masses and neutrino mixing angles, as well as on numerous mass terms from
the B-L MSSM Lagrangian of our theory. Indeed, further analysis quickly concludes that other initial
parameters have negligable effect. We conclude that, when analyzing Wino chargino LSP decays, one
should simultaneously look for the RPV decays of the Wino neutralino– as though it were the LSP –
and, vice versa.
5.2 RPC decays of NLSPs
Figures 17a and 17b show that the mass differences between the Wino chargino LSP and the Wino
neutralino NLSP, or between the Wino neutralino LSP and the Wino chargino NLSP, are generally
smaller than 400 MeV. For this small mass splitting, there are only a limited number of possible
RPC decay channels for the NLSP. If the mass splitting is larger than the charged pion mass, m±pi ∼
140 MeV, then the dominant RPC decay of the NLSP is into the LSP and a charged pion pi±. These
processes, which involve the on-shell bosons W±, are shown in Figure 19.
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Figure 20: Second most dominant RPC decay modes of (a) a Wino chargino NLSP and (b) a Wino
neutralino NLSP. This decay mode dominates for NSLP-LSP mass difference δM smaller than the
mass of the charged pions pi±; that is, δM < mpi±
At leading order, the decay rate of the Wino chargino NLSP into a charged pion and the Wino
neutralino LSP can be expressed in terms of the decay rate of the charged pion,
Γ(X˜±W → X˜0Wpi±) = Γ(pi± → µ±νµ)×
16δM3
mpim2µ
(
1− m
2
pi
δM2
)1/2(
1− m
2
µ
m2pi
)−2
, (5.1)
where δM = MX˜±W −MX˜0W is the mass difference between the NLSP and the LSP, and mpi and mµ
denote the masses of the charged pion and the muon respectively. Conversely, in the case in which the
Wino chargino is the LSP, the main RPC channel of the Wino neutralino NLSP is into a Wino chargino
LSP and a charged pion. The decay rate is given by eq. (5.1), but now with δM = MX˜0W −MX˜±W .
Note that the processes shown in Figure 19 can only happen if the mass splitting between the
LSP and the NLSP is larger than the charged pion mass mpi± . For smaller mass differences, the decay
modes shown in Figure 20 then dominate. The decay rate of a Wino chargino NLSP decaying into a
Wino neutralino LSP, an electron and a neutrino is given by
Γ(X˜±W → X˜0W e±νe) =
2G2F
15pi2
δM5, (5.2)
where δM = MX˜±W −MX˜0W and GF is the Fermi constant. Conversely, the decay rate of a Wino
neutralino NLSP into a Wino chargino LSP, an electon and a neutrino is given by eq. (5.2), with
δM = MX˜0W
−MX˜±W . Finally, we note that there is a similar RPC decay channel involving the muon.
However, since the mass of the muon is much larger than that of the electron, this decay rate is greatly
suppressed relative to (5.2) and, hence, is irrelevant.
5.3 RPV vs RPC
In Section 5.1, we have shown that the RPV decays of the Wino chargino and the Wino neutralino
NLSPs occur as if they were the both LSPs. Based on the analysis carried out in Section 3.3 and
4.2, we expect these RPV processes to allow for prompt decays of the NLSPs in the detector. In this
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Figure 21: Ratios between the decay rates of the RPC and the RPV channels. On the horizontal
axis, we show the NLSP mass. We study both scenarios with (a) Wino chargino NLSPs and (b) Wino
neutralino NLSPs. In all cases, the RPV processes are strongly dominant.
section, we analyze whether the RPC processes of the NLSP can produce observable traces in the
detector as well.
In Figure 21, we present the ratios ΓRPC/ΓRPV for all simulated NLSPs, where ΓRPC is computed
by summing over all RPC channels discussed in Section 5.2. We find that, in all cases, the RPC
processes are strongly suppressed compared with the RPV ones. This suppression of the RPC decays
is due to the near degeneracy in mass between the Wino chargino LSP and the Wino neutralino NLSP
shown in Figure 17a, and the similar mass degeneracy between a Wino neutralino LSP and its Wino
chargino NLSP displayed in Figure 17b– with mass splittings ranging between 20 MeV and 500 MeV.
Note that most mass splittings are . 200 MeV. Therefore, the RPC decays of Winos charginos and
Wino neutralinos NLSPs are not expected to produce any visible traces in the detector. Hence, in both
cases, the only decay mode of the LSP and the dominant decay mode of the NLSP are precisely the
RPV decays discussed in Sections 3 and 4 above.
Since this final conclusion rests on having a reliable computation of the mass splitting between
the Wino NLSP and the Wino LSP, we end this Section by discussing the role that higher-loop con-
tributions might have. As stated in the Introduction, all calculations performed in this paper are done
using one-loop RG β and γ functions ignoring finite loop corrections. For the values of the parameters
required to produce realistic low-energy phenomenology, such higher loop effects are not expected to
have a large effect as regards the Wino NLSP and Wino LSP mass splitting–on the order of several
hundred MeV. Indeed, such loop contributions to NLSP and LSP mass splitting have been explicitly
computed to the one-loop and two-loop level in [77–79] and [80] respectively–albeit in different the-
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oretical contexts than our own, without the B-L extension, and without the RPV couplings which mix
charginos and neutralinos with leptons. These papers found that, indeed, the higher loop corrections
are small–on the order of 100-200 MeV. We conclude, therefore, that our expectation that the higher
loop contributions to the mass splitting of the Wino NLSP and the Wino LSP in our theory would
only be, at most, on the order of several hundred MeV, is indeed correct. Note that adding several
hundred MeV might raise our maximum possible mass splitting to ∼ 700 MeV–with most other mass
splittings being much smaller. Even at 700 MeV, the decay ratio ΓRPC/ΓRPV  1 and, hence, our
conclusions in the previous paragraph remain unaltered.
6 Conclusion
In this paper, we have systematically derived the RPV decay channels, decay rates, branching ratios,
and the relationship of these results to the neutrino mass hierarchy and the θ23 neutrino mixing angle,
for both a Wino Chargino LSP and a Wino neutralino LSP– all within the context of the explicit
B − L MSSM theory. It is shown that the Wino neutralino is the NLSP for a Wino chargino LSP
and vice versa–with the mass splitting between them being small. Hence, while the Wino NLSP RPC
decays are suppressed, its RPV decays should be observable at the LHC in addition to those of the
Wino LSP. Since the B − L MSSM is completely compatible with all low energy phenomenological
data, the results of this paper are explicit physical predictions that are of interest to the CERN SUSY
ATLAS experimentalists. Run 1 and early run 2 data have already been used in the search for these
processes–see [48–51]–and newer run 2 data is presently being analyzed.
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Appendices
Appendix A Notation
In this Appendix, we present, for clarity, all the notation used throughout the paper.
A.1 Gauge Eigenstates
• Bosons
vector gauge bosons
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SU(2)L − W 1µ ,W 2µ ,W 3µ , coupling parameter g2
U(1)B−L − B′µ , coupling parameter gBL
U(1)3R − WRµ , coupling parameter gR
U(1)Y − Bµ , coupling parameter g′
U(1)EM − γ0µ , coupling parameter e
B-L Breaking: U(1)3R ⊗ U(1)B−L → U(1)Y , massive boson ZRµ, coupling gZR
EW Breaking: SU(2)L ⊗ U(1)Y → U(1)EM , massive bosons Z0µ, W±µ
Higgs scalars
H0u , H
+
u , H
0
d , H
−
d
• Weyl Spinors
gauginos
SU(2)L− W˜ 0 , W˜±, U(1)B−L− B˜′ , U(1)3R− W˜R , U(1)Y − B˜, U(1)EM − γ˜0
Higgsinos
H˜0u , H˜
+
u , H˜
0
d , H˜
−
d
leptons
left chiral ei, νi, i = 1, 2, 3 where e1 = e, e2 = µ, e3 = τ
right chiral eci , ν
c
i , i = 1, 2, 3 where e
c
1 = e
c, ec2 = µ
c, ec3 = τ
c
sleptons
left chiral e˜i, ν˜i, i = 1, 2, 3 where e˜1 = e˜, e˜2 = µ˜, e˜3 = τ˜
right chiral e˜ci , ν˜
c
i , i = 1, 2, 3 where e˜
c
1 = e˜
c, e˜c2 = µ˜
c, e˜c3 = τ˜
c
A.2 Mass terms
gauginos
W˜ 0 , W˜± →M2, B˜′ →MBL, W˜R →MR, B˜ →M1,
Higgsinos
H˜0u , H˜
+
u , H˜
0
d , H˜
−
d → µ
left chiral charged leptons
ei → mei , for i = 1, 2, 3
right chiral charged leptons
eci → meci , for i = 1, 2, 3
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A.3 Mass Eigenstates
• Weyl Spinors
leptons
ei, νi, i = 1, 2, 3 where e1 = e, e2 = µ, e3 = τ
charginos and neutralinos
χ˜±1 , χ˜
±
2 , χ˜
0
n, n = 1, 2, 3, 4, 5, 6
• 4-component Spinors
leptons
`−i =
(
ei
eci
†
)
, `+i =
(
eci
e†i
)
, νi =
(
νi
νi
†
)
i = 1, 2, 3
charginos and neutralinos
X˜−1 =
(
χ˜−1
χ˜+†1
)
, X˜+1 =
(
χ˜+1
χ˜−†1
)
, X˜0n =
(
χ˜0n
χ˜0†n
)
A.4 VEV’s
• sneutrino VEV’s
〈ν˜c3〉 ≡ 1√2vR i =
1
2Yνi3vR 〈ν˜i〉 ≡ 1√2vLi, i = 1, 2, 3
• Higgs VEV’s〈
H0u
〉 ≡ 1√
2
vu,
〈
H0d
〉 ≡ 1√
2
vd, tanβ = vu/vd
A.5 Relevant angles
• β - Higgs VEVs ratio
tanβ = vu/vd (A.1)
• θW - Weinberg angle
sin2 θW = 0.22 sW = sin θW cW = cos θW (A.2)
• θR - UB−L, U3R couplings ratio
cos θR =
gR√
g2R + g
2
BL
. (A.3)
• α - Higgs bosons rotation matrix(
H0u
H0d
)
=
(
vu
vd
)
+
1√
2
Rα
(
h0
H0
)
+
i√
2
Rβ0
(
G0
Γ0
)
, (A.4)
Rα =
(
cosα sinα
− sinα cosα
)
, (A.5)
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• φ± - Chargino rotation matrix
tan 2φ− = 2
√
2MW±
µ cosβ +M2 sinβ
µ2 −M22 − 2M2W± cos 2β
(A.6)
tan 2φ+ = 2
√
2MW±
µ sinβ +M2 cosβ
µ2 −M22 + 2M2W± cos 2β
(A.7)
• Neutrino rotation matrix VPMNS
The 3× 3 Pontecorvo-Maki-Nakagawa-Sakata matrix is
VPMNS =
 c12c13 s12c13 s13e−iδ−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ c13s23
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c13c23

×diag(1, eiA/2, 1) , (A.8)
Values for the matrix terms can be found in [76].
Appendix B Chargino states
The chargino mass eigenstates in Weyl notation are denoted by χ˜±1 and χ˜
±
2 . These states are labelled
so that χ˜±1 is always the lighter of the two. It follows that χ˜
±
2 can never be either the LSP or the
NLSP and, hence, we ignore it in this paper. The lightest chargino mass eigenstate χ˜±1 is a linear
combination of the charged Wino, W˜±, the charged Higgsino, H˜± and three charged lepton com-
ponents, either left-chiral ei or right-chiral eci . It was shown in [1] that the number of viable initial
conditions consistent with all low-energy phenomenology satisfying the inequality |M2|< µ is vastly
larger than those with |µ|< |M2|. The reason for this is the following. First, the value of µ is naturally
restricted to be of the order of a few TeV in order to solve the “little hierarchy problem”. This has
been discussed in detail in [1]. Furthermore, we study the cases in which the chargino eigenstates are
the LSPs and light enough to be detected at LHC in the near future. Hence, the mass term M2, which
gives the dominant contribution in the expression for the chargino mass, is naturally constrained to be
on the order of a few hundred GeVs. Therefore, in this paper, we will restrict the discussion to the
first mass inequality. When |M2|< µ, the mass eigenstate χ˜±1 is given by
χ˜+1 = cosφ+W˜
+ + sinφ+H
+
u + V1 2+ieci (B.1)
and
χ˜−1 = cosφ−W˜
− + sinφ−H−d + U1 2+iei, (B.2)
where φ± are chargino mixing angles presented in (A.6), (A.7) above and V1 2+i, U1 2+i are matrix el-
ements of the extended chargino mixing matrices [1]. These elements couple the SM charged leptons
to the charged Winos and Higgsinos. They are given by
V1 2+i = − cosφ+ g2 tanβmei√
2M2µ
vLi + sinφ+
mei
µvd
vLi . (B.3)
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and
U1 2+i = − cosφ− g2vd√
2M2µ
∗i + sinφ−
∗i
µ
. (B.4)
V1 2+i and U1 2+i are proportional to the RPV couplings i and vLi and are therefore are very small;
V1 2+i, U1 2+i  1. Hence, one can ignore the charged lepton terms in equations (B.1) and (B.2). It
follows that
χ˜+1 ' cosφ+W˜+ + sinφ+H+u (B.5)
and
χ˜−1 ' cosφ−W˜− + sinφ−H−d . (B.6)
When |cosφ±|> |sinφ±|, the Wino components of the chargino states χ˜±1 are the most dominant.
Therefore, we call these states Wino charginos and denote them by χ˜±W . In 4-component spinor
notation they are
X˜±W =
(
χ˜±W
χ˜∓†W
)
. (B.7)
Indeed, we demonstrate in Section 2 of this paper that the requirement that the initial conditions be
consistent with all low energy phenomenology constrains the vast majority of valid black points to
satisfy |cosφ±|> |sinφ±|. Wino chargino RPV decays comprise the first subject that we study in this
paper.
Appendix C Neutralino states
After diagonalizing the neutralino mass matrix, one obtains six neutralino mass eigenstates, χ˜0n with
n = 1, 2, 3, 4, 5, 6. Unlike for charginos, the label n does not automatically imply any mass ordering
(i.e. the χ˜01 neutralino is not necessarily the lightest). Each of the six neutralinos χ˜
0
n is a superposition
of a Rino W˜R, a Wino W˜2, two neutral Higgsinos H˜0d , H˜
0
u, a Blino B˜
′
, a third generation right handed
neutrino νc3 and three generations of left handed neutrinos νi, for i = 1, 2, 3.
In the theoretical context we work in, the off-diagonal terms are much smaller than the diagonal
ones, which allows to determine which component dominates in each of the neutralino states χ˜0n. That
is, χ˜01 has a dominant Bino B˜ component, χ˜
0
2 has a dominant Wino W˜ component, χ˜
0
3,4 have dominant
Higgsino H˜0u, H˜
0
d component, χ˜
0
5,6 have a dominant right-handed neutrino ν
c
3 component. Therefore
we use the notation
χ˜01 = χ˜
0
B, χ˜
0
2 = χ˜
0
W , χ˜
0
3 = χ˜
0
Hd
, χ˜04 = χ˜
0
Hu , χ˜
0
5 = χ˜
0
ν3a , χ˜
0
6 = χ˜
0
ν3b
, (C.1)
to express which component dominates in each neutralino state. In our studies, the exact content of
each neutralino state is calculated numerically, after diagonalizing the neutralino mass mixing matrix.
The second objects of study in this paper are the Wino neutralinos, χ˜0W , which, as the notation implies,
have a dominant Wino component. In 4-component spinor notation they are
X˜0W =
(
χ˜0W
χ˜0†W
)
. (C.2)
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Appendix D Chargino decay rates
In [1], we computed the RPV decay rates of a general light chargino state X˜±1 , without looking into
its Wino and Higgsino content. We reproduce the results here, for reference.
1. X˜±1 →W±ν
ΓX˜±1 →W±νi =
(
|GL|2X˜±1 →W±νi+|GR|
2
X˜±1 →W±νi
)
64pi
M3
χ˜±1
M2
W±
1− M2W±
M2
χ˜±1
21 + 2M2W±
M2
χ˜±1
 ,
(D.1)
where
GLX˜+1 →W+νi = −G
∗
RX˜−1 →W−νi =
g2√
2
[(
− cosφ− g2vd√
2M2µ
∗j + sinφ−
∗j
µ
)
+ sinφ−
1
16dχ˜0
(
Mγ˜v
2
Rvu(vdj − µv∗Lj )− 4M2µ(MY˜ v2R + g2RMBLv2u)j
)
−
√
2 cosφ−
g2µ
8dχ˜0
(
2g2RMBLvdv
2
uj +MY˜ v
2
R(vdj + µv
∗
Lj )
)]
[VPMNS]ji (D.2)
and
GRX˜+1 →W+νi = −G
∗
LX˜−1 →W−νi =
g2√
2
[
− sinφ+ 1
16dχ˜0
[Mγ˜v
2
Rvu(vd
∗
j + µvLj )− 4g2RµM2MBLvdvu∗j ]
+
√
2 cosφ+
g2µ
8dχ˜0
[2g2RMBLvdv
2
uj +MY˜ v
2
R(vd
∗
j + µvLj )]
] [
V †PMNS
]
ij
. (D.3)
2. X˜±1 → Z0`±i
ΓX˜±1 →Z0`±i =
(
|GL|2X˜±1 →Z0`±i +|GR|
2
X˜±1 →Z0`±i
)
64pi
M3
χ˜±1
M2
Z0
(
1− M
2
Z0
M2χ˜1
)21 + 2M2Z0
M2
χ˜±1
 .
(D.4)
where
GLX˜+1 →Z0`+i = −GR
∗
X˜−1 →Z0`−i
= g2cW
( g2√
2M2µ
(vdi + µv
∗
Li)
)
cosφ−+
+
g2
cW
(
1
2
− s2W
)(
− cosφ− g2vd√
2M2µ
i + sinφ−
i
µ
)
− g2
cW
(
1
2
− s2W
)(i
µ
)
sinφ−
(D.5)
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and
GRX˜+1 →Z0`+i = −GL
∗
X˜−1 →Z0`−i
= g2cW cosφ+
(
− 1√
2M2µ
g2 tanβmeivLi
)
−
+
g2
cW
s2W
(
−cosφ+ g2 tanβmei√
2M2µ
vLi +sinφ+
mei
µvd
vLi
)
− g2
cW
(
1
2
− s2W
)
sinφ+
(mei
vdµ
vLi
)
.
(D.6)
There is no sum over the i in vLimei .
3. X˜±1 → h0`±i
ΓX˜±1 →h0`±i =
(
|GL|2X˜±1 →h0`±i +|GR|
2
X˜±1 →h0`±i
)
64pi
MX˜±1
1− M2h0
M2
X˜±1
2 . (D.7)
where
GLX˜+1 →h0`−i = −GR
∗
X˜+1 →h0`+i
= − 1√
2
Yei sinα
(
−cosφ+ g2 tanβmei√
2M2µ
v∗Li+sinφ+
mei
µvd
v∗Li
)
+
− 1
2
g2 sinα cosφ+
(i
µ
)
− 1
2
g2 cosα sinφ+
( g2√
2M2µ
(vdi + µv
∗
Li)
)
(D.8)
and
GRX˜−1 →h0`−i = −GL
∗
X˜+1 →h0`+i
= − 1√
2
Yei sinα
(
− cosφ− g2vd√
2M2µ
∗i + sinφ−
∗i
µ
)
+
1
2
g2 sinα sinφ−
(
− cosφ+ 1√
2M2µ
g2 tanβmeivLi − sinφ+
mei
µvd
vLi
)
− 1
2
g2 cosα cosφ−
(mei
vdµ
vLi
)
. (D.9)
There is no sum over i in either of these expressions.
Appendix E Neutralino decay rates
In [1], we computed the RPV decay rates of a general neutralino state X˜0n. the index n indicates the
neutralino species as follows:
X˜01 = X˜
0
B, X˜
0
2 = X˜
0
W , X˜
0
3 = X˜
0
Hd
, X˜04 = X˜
0
Hu , X˜
0
5 = X˜
0
ν3a , X˜
0
6 = X˜
0
ν3b
. (E.1)
We reproduce the results here, for reference.
1. X˜0n → Z0ν
ΓX˜0n→Z0νi =
(
|GL|2X˜0n→Z0νi+|GR|
2
X˜0n→Z0νi
)
64pi
M3χ˜0n
M2
Z0
(
1− M
2
Z0
M2
χ˜0n
)2(
1 + 2
M2Z0
M2
χ˜0n
)
, (E.2)
– 43 –
where
GLX˜0n→Z0νi = g2
( 1
2cW
Nn 6+jN ∗6+j 6+i −
1
cW
(
1
2
+ s2W
)
Nn 4N ∗6+i 4
)
+ g2
( 1
cW
(
1
2
+ s2W
)
N ∗n 3N6+i 3
)
(E.3)
and
GRX˜0n→Z0νi = g2
(
− 1
cW
(
1
2
+ s2W
)
Nn 3N ∗6+i 3
)
− g2
[(
− 1
2cW
N ∗n 6+jN6+j 6+i −
1
cW
(
1
2
+ s2W
)
N ∗n 4N6+i 4
)
(E.4)
2. X˜0n →W∓`±
ΓX˜0n→W∓`±i =
(
|GL|2X˜0n→W±`∓i +|GR|
2
X˜0n→W±`∓i
)
64pi
M3
χ˜±1
M2
W±
(
1− M
2
W±
M2
χ˜0n
)2(
1 + 2
M2W±
M2
χ˜0n
)
,
(E.5)
where
GLX˜0n→W−`+i = −GRX˜0n→W+`−i =
g2√
2
[
Nn 4V∗2+i 2 +
√
2V∗2+i 1Nn 2
]
(E.6)
and
GRX˜0n→W−`+i = −GLX˜0n→W+`−i =
g2√
2
[
− U2+i 2+jN ∗n 6+j − U2+i 2N ∗n 3 +
√
2N ∗n 2U2+i 1
]
(E.7)
3. X˜0n → h0ν
ΓX˜0n→h0νi =
(
|GL|2X˜0n→h0νi+|GR|
2
X˜0n→h0νi
)
64pi
Mχ˜0n
(
1− M
2
h0
M2
χ˜0n
)2
(E.8)
where
GLX˜0n→h0νi =
g2
2
(
cosα(N ∗n 4N ∗6+i 2 +N ∗6+i 4N ∗n 2) + sinα(N ∗n 3N ∗6+i 2 +N ∗6+i 3N ∗n 2)
)
− g
′
2
(
cosα
(
sin θR(N ∗n 4N ∗6+i 1 +N ∗6+i 4N ∗n 1) + cos θR(N ∗n 4N ∗6+i 5 +N ∗6+i 4N ∗n 5)
)
+ sinα
(
sin θR(N ∗n 3N ∗6+i 1 +N ∗6+i 3N ∗n 1) + cos θR(N ∗n 3N ∗6+i 5 +N ∗6+i 3N ∗n 5)
) )
+
1√
2
Yνi3 cosα
(
N ∗n 6+jN ∗6+i 6 +N ∗6+i 6+jN ∗n 6
)
(E.9)
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and
GRX˜0n→h0νi =
g2
2
(
cosα(Nn 4N6+i 2 +N6+i 4Nn 2) + sinα(Nn 3N6+i 2 +N6+i 3Nn 2)
)
+
g′
2
(
cosα (sin θR(Nn 4N1 6+i +N6+i 4Nn 1) + cos θR(Nn 4N6+i 5 +N6+i 4Nn 5))
+ sinα (sin θR(Nn 3N6+i 1 +N6+i 3Nn 1) + cos θR(Nn 3N6+i 5 +N6+i 3Nn 5))
)
+
(
Nn 6+jN6+i 6 + 1√
2
Yνi3 cosα
(
N6+i 6+jNn 6
)
(E.10)
The matrices U , V and N matrices rotate the gaugino eigenstates into the neutralino and chargino
mass eigenstates. They are presented in Appendices B.1 and B.2 of [1].
Note that in all cases in Appendix A and B above, we sum over j = 1, 2, 3.
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